Twenty-one resistivity changes as precursors of an earthquake as observed by means of a Yamazaki resistivity variometer are analyzed. On the basis of a Weibull distribution analysis applied to the observed data, it is made clear that a characteristic parameter of the distribution of precursor time takes on an almost the same value as that for a group of short-term precursors, such as land deformation, tilt and strain, and underground water. No correlation between earthquake magnitude and precursor time is also found for both the groups. It is surmised that the resistivity precursors, as well as the others cited in the above, may be caused by preliminary failure immediately prior to the main rupture in the earth's crust.
1. Introduction YAMAZAKI (1975) reported on precursory and coseismic resistivity changes as observed with an unusually high-sensitive resistivity variometer installed at the Aburatsubo Crustal Movement Observatory about 60 km south of Tokyo.
This paper aims at examining the nature of the precursory resistivity changes so far observed in comparison with short-term earthquake precursors of different disciplines such as land deformation, tilt, strain and underground water. It will be made clear that the resistivity precursors are essentially of similar character to those of other geophysical elements on the basis of the magnitude dependency as well as the Weibull distribution analyses of precursor time.
Precursory Resistivity Changes
It has been reported by YAMAZAKI (1975) that 30 coseismic resistivity steps were observed with the resistivity variometer during an 8 years period of observation beginning in 1968. When the magnitude of an earthquake is estimated as 8 or thereabout, a step is observed even though the epicentral distance is as large as 1,000km or so. For earthquakes having a magnitude slightly smaller than 5, steps were often observed provided the epicentral distance was 100km or less.
Among the 30 steps, 21 were associated with precursory changes. A few typical examples of coseismic and precursory changes are shown in Figs. 1, 2 and 3 in which one can clearly see the precursory changes forerunning the coseismic steps by several hours. YAMAZAKI (1975) applied a numerical highpass filter having a characteristic time of 6 hr to the records in order to eliminate the slow change of large amplitude due to the tidal loading. The lower Fig, 1 . Resistivity changes associated with the Tokachi-Oki earthquake on May 16, 1968 as recorded by high (H) and low (L) sensitivity channels. The observation point, A, and epicenter are indicated on the map with a small circle and a cross, respectively. dp/p indicates the sensitivity of the rate of resistivity change. curve in Fig. 4 , from which the tidal change is eliminated, clearly indicates the onset of the precursory change about 4 hr prior to the main shock at the time of the Izu-Hanto-oki earthquake of magnitude 6.9 that occurred on May 9, 1974 at an epicentral distance of about 100 km from the observation site. RIKITAKE (1975b RIKITAKE ( , 1975c RIKITAKE ( , 1976 analyzed 282 earthquake precursors as reported in existing literature.
Earthquake Precursors in General
No clear-cut relationship between earthquake magnitude of main shock and precursor time was found out for the 73 foreshock and the 84 tilt and strain data. However, the remaining data of various disciplines brought out a rather outstanding relations between precursor time (T) and magnitude (M) as reproduced in Fig. 5 . The seemingly magnitude-dependent precursors scattered around the straight line as determined by the least squares method may have something to do with dilatancy generation process in the earth's crust. In addition to this precursor of the first kind, it seems likely that we have precursors of the second kind which are independent of magnitude and clustered around loglo T=-1 (T is measured in units of days). The physical nature of precursors of the second kind is unknown. But it has been suspected that they might reflect preliminary rupture in the focal region. Although short-term tilt and strain precursors are excluded from 
Precursor Time and Earthquake Magnitude
The authors will analyze the 21 resistivity precursors and those for other geophysical elements amounting to 22 in number in the following. The latter precursors are picked up from a table in RIKITAKE (1975b RIKITAKE ( , 1976 , and the number of precursors for respective disciplines are shown in Table 1 . Only short-term precursors are analyzed here. Precursors having a precursor time longer than 10 hr are all excluded, so that it is certain that only precursors of the second kind are dealt with. Figure 6 shows the precursor time vs. magnitude of main shock plots with solid and open circles, respectively, for land deformation-tilt and strain- underground water (LTU) precursors and resistivity precursors (R). The scatter of plots is so large that the authors do not see any correlation between precursor time and magnitude. It seems that no distinction can be made between both the precursors as long as the precursor time vs. magnitude relation is concerned.
Weibull Distribution Analysis of Precursor Time
The histograms for the LTU and R precursors are drawn as can be seen in Fig. 7 in which the hatched columns indicate the R precursors and the blank columns the LTU precursors. The overall histogram in Fig. 7 therefore corresponds to the total (LTU+R) data.
Much of the application of a Weibull distribution analysis to earthquake prediction study has been given in HAGIW ARA (1974) and RIKITAKE (1975a RIKITAKE ( , b, c, 1976 . Although the number of data is not large enough, it is attempted in the following to approximate the frequency distribution of precursor times by a Weibull distribution and to determine the parameters of the distribution.
It is assumed that the probability of a precursor time to take on a value between t and t+d t is given by A(t)4t on the condition that no earthquake occurs prior to t, and that
A(t)=Ktm
(1) whereK>0 and m>-1.
As detailed accounts of Weibull distribution analysis have been given in the above-cited references, only a very brief account will be given below. It is shown that the cumulative probability F(t) for an earthquake to occur during a period 0-t is given by
in which R(t), being called the reliability, is given by It is obvious that the time origin (t=0) is taken at the instant when a precursor is observed. The mean precursor time is obtained as E(t1=(IIf(m+21/(m+l)l (4) where F is a gamma function.
Its standard deviation a is also obtained as
(s) On taking double logarithms of 1/R, we obtain from (3) logeloge(l/R)=loge(11 .)+(m+1)loget.
Counting occurrence frequency of precursor time n2 for each range having an interval dt, probability density for a range between jilt and (i+l)4t(i=0, 1, 2, ...) can be obtained from tiz f4t=n/N (7) where N is the total number of data.
In that case, the cumulative probability is obtained as
F is therefore obtained from actual data, and so R is calculated by virtue of (2) for each range. Hence, it is possible to determine K and m from (6) by means of the least squares method. Once K and m are determined, the mean precursor time and its standard deviation are readily calculated by making use of (4) and (5). Figure 8 shows the straight line fittings for the R and LTU data set as deduced from Weibull distribution analysis. K's and m's thus determined are given in Table 2 . As can be seen in Fig. 8 , the straight lines for both the data set are almost parallel indicating that the functional types of distribution function are almost the same for both the data sets.
On the assumption that the R and LTU data sets are governed by an essentially the same distribution, K and m for the total (R+LTU) data set are calculated as are also shown in Table 2 .
In Table 3 the mean precursor times and their standard deviations for the data sets discussed in the above are indicated. As expected from the scantiness of data, the standard deviations are somewhat large.
The cumulative probability for an earthquake to occur during a period 0-t is estimated from the parameters for the total data (R+LTU) as shown in Fig.  9 . The time origin is taken at an instant when a precursor is observed. It is apparent in the figure that the probability of an earthquake occurring exceeds 80% 4 hr after the precursory signal.
Conclusions
An analysis of resistivity precursors as observed with a Yamazaki resistivity variometer indicates that the precursor times are governed by a Weibull distribution. A similar conclusion is also deduced for short-term precursors of different disciplines such as land deformation, tilt and strain, and underground water. A parameter m, that specifies the distribution, takes on a more or less the same value for both the groups of precursor as long as the present analyses are concerned. No correlation between earthquake magnitude and precursor time is found for both the groups of precursor, too.
Although it is premature to jump to a conclusion from the analyses which do not include many data, the resistivity precursors discussed here seem likely to be caused by an origin that is also responsible for short-term precursory signals of land deformation, tilt and strain, and underground water. It is therefore supposed that all these short-term precursors may reflect preliminary failure immediately before the main rupture in the earth's crust.
